Optical thicknesses and volume spectra of aerosols were retrieved from spectral extinction and aureole measurements for the yellow sand events observed during 4-8 May 1982 at Nagasaki, Japan. The results showed a dominance of large particles of several micron radius and a reduction of submicron particles. The mode radius of the column volume spectrum obtained with the aureolemeter was larger than two microns during the yellow sand events. The aerosol optical thickness at a wavelength of 0.5*m and the Angstrom's exponent * took values of 0.5-1.0 and 0.1-0.5 in contrast with their normal values of 0.2-0.8 and 0.8-1.5, respectively. Trajectory analyses from the synoptic charts as well as the elemental composition, the number density and the scattering cross section of aerosols supported consistently the prevalence of the continental air mass associated with the frontal activity during the yellow sand events.
Introduction
A large amount of yellow sand particles is uplifted in the Chinese Continent by frontal activities in spring season and transported to Japan and the North Pacific region. They are one of the main sedimentation materials in the North Pacific Ocean floor (Dace el al., 1980 ) and constitute a considerable fraction of soil derived aerosols which amount to 40-50 % of the total aerosols over the Japan Islands in April and May (Kadowaki, 1979; Tanaka et al., 1983b) . Dust storm events occur over the Eastern Asian deserts as frequently as about one third of the time and these events are responsible for a notable aerosol source with strength about 0.5ton/sec (Junge, 1979; Shaw, 1980) . Particularly, heavy dust storms apparently observed in Japan are familiarly called Kosa in Japanese, and in recent years, have come to be quantitatively observed by ground-based (Iwasaka et al., 1982; Arao and Ishizaka, 1986; Kai et al., 1988) . Sometimes the dust travels even to the Hawaiian Islands (Shaw, 1980; Darzi and Winchester, 1982; Braaten and Cahill, 1986) . Those observations show that yellow sand particles contribute significantly to the atmospheric turbidity over a large area of the North Pacific region in spring season, though frequency of the observable yellow sand event at a fixed location is as small as about 5 days/year even at Nagasaki, the most south-western part of the Japan Islands (Arao et al., 1979) . In spite of the important role of yellow sand particles as noted above, investigation of optical characteristics of the particles is quite insufficient as compared with that for Saharan dust storms (e.g. Carlson and Caverly, 1977; Tomasi et al., 1979; Carlson and Benjamin, 1980; Kondratyev et al., 1981; Welch el al., 1981) . In order to elucidate the optical characteristics of aerosols in yellow sand events, we carried out measurements of the solar radiation and aerosols using several instruments for the period of 22 April to 12 May, 1982 . In this and the following papers (Nakajima et al., 1989) we de- scribe the result of the measurements and discuss the features of the aerosol optical characteristics in the events.
Measurements
Solar radiation and aerosol properties were measured at the campus of Nagasaki University (32* 47'N,129*52'E,12m above MSL) near the center of Nagasaki city, which is located in a valley of an isthmus between Ohmura Bay and East China Sea, during the period from 22 April to 12 May, 1982. The system for the measurement and observed quantities were similar to those of Nakajima et al. (1986) . We presently introduced an improved aureolemeter and a compact polar nephelometer, which were simultaneously used with an optical particle counter (OPC, RION KC-01), a nuclepore filter sampler and an eight-stage Andersen sampler. Data of the diffuse radiative flux were not available in the present case. The instruments were set up on the top of a building of Nagasaki University (25m high). Direct-solar and circumsolar radiations were measured by the aureolemeter at wavelengths of *= 0.369, 0.500, 0.675, 0.776 and 0.862*m. The minimum observable scattering angle of the aureolemeter is about 2*. The measured data were used to retrieve the size distribution of aerosols by applying a multispectral inversion method of Nakajima et al. (1983) . Detailed specification and calibration method of the aureolemeter were described in Tanaka et al. (1986) . For the optical counter (OPC) measurement, the air was sampled with a rate of 0.541/min through a vinyl tube of 8 mm diameter and 2m long. The dust in the air was sampled on nuclepore filters with the pore size of 0.08*m. We carried out the PIXE (Proton Induced X-ray Emission) analysis of the nuclepore filters using a 3 MeV proton beam of the Cyclotron Radioisotope Center of Tohoku University. The Andersen sampler was used to measure time-mean values of the aerosol mass spectrum near the ground surface during 4-6 May when the yellow sand event was most significant in the observation period. By the compact polar nephelometer, several phase matrix elements were measured at wavelength of 0.633*m for scattering angles between 7* and 170*. Detailed description of the measurement using the polar nephelometer will be given in Nakajima et al. (1989) . Figure 1 shows time series of meteorological elements provided by Nagasaki Marine Observatory. After a low passed on 21 April, the observation site was covered by a travelling high during 22-25 April. The weather at the site became rainy on 27 April by the activity of a weak low travelling through Shanghai and the southern offshore of Japan. Although the observation site was again covered by a high after the day, a trough in the upper layer persisted and the atmosphere was in an unstable condition during 28-30 April. Relative humidity was gradually increasing in this period.
With deepening of the trough, a low over Northern China grew and reached the eastern offshore of Hokkaido on 4 May. After the cold front associated with the low passed, a significant yellow sand event was observed all over Japan. At Nagasaki, the low passed on 2 May and the yellow sand event was observed on 4 May. Intrusion of the continental air mass was observed by reduction of atmospheric visibility down to 8km and the relative humidity to 30%. The trough in the upper layer persisted after 4 May, and another low was travelling over Japan on 6 May. With this activity of the low, a yellow sand event was recorded in China and Korea, while no event was recorded in Japan. After 6 May, the weather of the observation site was unstable through the activity of a front on the southern offshore of Japan.
Positions of fronts and trajectories of the air mass laden with yellow sand particles were obtained for the yellow sand event of 4-5 May from the analysis of synoptic charts of 00Z and 12Z as shown in Fig.  2 . During the period from 30 April to 4 May, dust storms were observed every day around the Badainjaran and Gobi Deserts. Backward trajectory analyses from several locations in Japan showed that trajectories of 850mb level, as well as 700mb level, were consistent with the surface record of yellow sand events over China and Japan. Figure 2 indicates that yellow sand particles were uplifted around those deserts and transported southward over Central China and deflected eastward toward Japan. Since the isobaric trajectory analysis adopted here is insufficient to discuss the origin and the altitude of transportation precisely, we roughly conclude that the origin was in an arid region around the middle course of the Yellow River (Huang-he) and the altitude of transportation was in the lower troposphere. This altitude is consistent with the fact that several lidar measurements showed a layered structure with a principal peak around 2km (Iwasaka et al., 1982; Kobayashi et al., 1985) . On the other hand this altitude is a little lower than the mean level of transportation of about 4km reported by Arao et al. (1979) and Kai et al. (1988) . As for the weak yellow sand event of 7-8 May which was observed over Korea, the origin was also in the arid region around the middle course of the Yellow River as shown in Fig. 3 . The backward trajectory suggests that the air mass over Nagasaki came by way of a periphery of the source region and, therefore, that no large amount of sand particles was transported to Japan. Furthermore the moving speed of the air mass in this case was lower than the event of 4-5 May, so that a significant portion of yellow sand particles would fall out during the transportation. The air mass over Nagasaki on 8 May is considered to include a small amount of aged yellow sand particles, although no event was recorded by Nagasaki Marine Observatory.
b. Characteristics of the air mass
Yellow sand events are judged more objectively by an elemental analysis of dust particles sampled on nuclepore filters. Figure 4 shows mass fractions of principal elements of aerosols sampled at the observation site and of sand sample collected near Lanzhou in the middle course of the Yellow River. For the elemental analysis, we selected iron,calcium, chlorine, sulfur and silicon in this study. Dominance of silicon and calcium and lack of sulfur and chlorine were characteristic for aerosols in the yellow sand events during the period of 4-8 May and the elemental fractions were similar to those of the sand sample from Lanzhou. The fraction of silicon to the total mass (Si times Em/M in Fig. 4 ) was about 7.7 % in the yellow sand events and 2.7 % in the normal conditions at the site. According to Kadowaki (1979) , the fractions of silicon and aluminum are well correlated with each other, and thus, they are good indicators of aerosols of soil origin. Our values are consistent with his result, i, e., the fraction was about 6.1% in spring season and 2 to 3% in other seasons in Nagoya. Although the iron can be a characteristic element of the dust sand particles (Kondratyev et al., 1974) , it was not a good indicator of yellow sand particles in our case. According to Winchester et al. (1981) , the weight ratio of calcium to iron ( Ca/Fe) was 2.0 for coarse aerosols and 1.0 for fine aerosols in a rural area in North China in spring time. Braaten and Cahill (1986) also reported values around 1.0 for this weight ratio for Asian dust particles transported to Hawaii. In our case the Ca/Fe weight ratio increased significantly during the yellow sand events from 0.6 to 2.0. The Si/Fe ratio also increased during the events from 2.3 to 6.4, although the value of 6.4 was higher than those reported in the other references, i. e. 3.1 (the sand sample in this study), 4.0 (Winchester et al.) and 3.4 ' (Braaten and Cahill) . Since the fraction of each element depends significantly on the particle size, more detailed comparisons will be necessary to understand the nature of these quantitative differences. Figure 5 shows a time series of the aerosol number density measured by the OPC and the scattering cross section obtained by integrating the phase function measured by the polar nephelometer. In the observation period, two peaks of the scattering cross section were observed on 30 April and 5 May. On 30 April the number density of all particles with radii smaller than 1.0*m increased, while on 5 May the number density of particles with radii larger than 0.5*m increased but that of smaller particles decreased. The former peak of the scattering cross section corresponds to a misty atmospheric condition of 30 April when a maritime high prevailed and the relative humidity reached 80% as shown in Fig. 1 . Small fractions of insoluble materials such as Fe, Ca and Si to the total mass and relative increases of the fractions of CI and S shown in Fig. 4 also suggest a significant growth of hygroscopic aerosols by absorbing water vapor. On the other hand the latter peak corresponds to the maximum stage of the yellow sand events. Figure 5 shows three minima of the particle number density on 27 April, 2 and 6-7 May. The agreement of appearance of the minima with those of the surface pressure in Fig.l shows that aerosols were sometimes removed by passage of lows in the observation period. Hereafter we divide the whole period of the observation into three stages, i. e. the period prior to 3 May, 4-8 May, and after 9 May. We classify the middle stage as the yellow sand event and the other two as the normal conditions. 4. Optical characteristics of aerosols a. Feature of the radiaiive data Investigations of the aerosol optical properties have shown that submicron aerosols are responsible for large part of light scattering in the normal conditions of a suburban area in Japan (Tanaka et al., 1983a; Nakajima et al., 1986) . The atmospheric circumstance was very different in the yellow sand events. Figure  6 shows the spectral optical thicknesses and the forward part of aerosol phase function retrieved from the data of the aureolemeter by using an iterative scheme of Nakajima et al. (1983) to subtract the multiple scattering. The forward scattering was significantly enhanced and wavelength dependence of the optical thickness was reduced as compared with those in the normal conditions. These features of the light scattering and extinction were attributed primarily to the large fraction of particles as large as several microns similar to those of the Saharan dust (Prodi and Tomasi, 1983) . Since the forward part of the phase function was not largely depending on wavelengths for both the normal conditions and the yellow sand events (see Fig. 6 ), a power law volume spectrum was expected to provide a good approximation. According to Nakajima et al. (1983) , the power p of the power law volume spectrum dV/dlnr=Cr4-p where r is the particle radius, can be estimated from the wavelength dependence of the optical thickness for small particles and from the scattering angle dependence of the forward part of the phase function for large particles. It was found that the value of p for small particles was somewhat dependent on the assumed maximum particle radius, so that we used the following revised relation for the optical thickness with the maximum particle radius rmax=10*m assumed in our analysis: where * is the power of the Angstrom's approximation of the spectral optical thickness of aerosols as with * in *m. On the other hand, a relationship between the power p and the slope of the forward part of phase function, dlnP(*)/dln*, was given by Nakajima et al. (1983) as where P(*) is the phase function at the scattering angle *. In Fig. 6 , we have p=4.58 and 3.98 for the data of 24 April while p=2.98 and 3.25 for the data of 4 May, respectively for small and large particles. For the normal condition the large difference of p-values between small and large particles shows a bimodal feature of the volume spectrum, while the small difference of p-values for the case of the yellow sand events shows that the size distribution of the yellow sand particles was nearly approximated by a power law function. Figure 7 shows the parameter * as a function of the aerosol optical thickness *05 at *=0.5*m. Open symbols show the data in the normal conditions, while closed symbols correspond to the data in the yellow sand events. It is found that the optical thickness increased slightly in the yellow sand events and reached a value from 0.5 to 1.0, which is larger than the values of 0.2-0.8 for the normal condition. The value around 0.6 was also estimated by Takayama and Takashima (1986) for the yellow sand events in 1984 from a satellite data analysis. The values of a were 0.8-1.5 and 0.2-0.5 for the normal conditions and the yellow sand events, respectively. Such a range of a for the normal conditions is quite consistent with other previous results (e.g. Angstrom, 1964; Yamamoto and Tanaka,1969; Tanaka et al., 1983a) . The rather discontinuous decrease of a is a characteristic feature of the yellow sand events corresponding to the great enhancement of large dust particles (Figs. 6 and 9) . It was also found that the a value was inversely proportional to * 0.5 for the normal conditions especially in the preevent stage. This means that the atmospheric turbidity increases with an increase of large particles in contrast to the general trend of background aerosols in the clean air mass presented by Shaw (1977) . This contradiction will be explained by the difference of aerosol origins and history. In a clean air condition, generation and aging of aerosols are important during spreading from a remote source. The exponent * will mainly increase with an increase of the number of accumulation mode aerosols especially for a low turbidity (Kaufman and Fraser, 1983) . On the other hand, growth of hygroscopic aerosols with an increase of the relative humidity (Takamura et al., 1984; Takeda et al., 1986 ) and removing of background aerosols with frontal activities noted in Figs. 1 and 2 would be important in such a condition as the pre-event stage.
b. Retrieval of the column volume spectrum
Since the extinction and forward scattering are rather independent of the nonsphericity of the particle (Asano and Sato, 1980) , a reliable column volume spectrum will be obtained by the inversion of combined data of the optical thickness and forward part of the column phase function. Figure 8 shows the volume spectra which were retrieved by the inversion method of Nakajima et al. (1983) using the data shown in Fig. 6 . The volume spectra were retrieved for particle radii between about 0.1 and 8*m. If no phase function data are available, the retrievals are limited to submicron particles as shown by triangles in Fig. 8 . The optical thickness and phase function reconstructed using these volume spectra are shown by lines in Fig. 6 . Good agreements with the measured values indicate that the retrieved volume spectra were adequate to explain the observed data. The p-values for small and large particles estimated respectively from the optical thickness and the phase function are also shown by broken lines in Fig. 8 . These examples show that the simple parameterization indicated in Sec.4a is consistent with the fundamental shape of the retrieved column volume spectrum. The assumed refractive index of aerosols is 1.50-0.01i for the pre-and postevent stages and 1.55-0.01i for the yellow sand events independently of the wavelength. According to Carlson and Benjamin (1980) , significant dependence of the absorption index on the wavelength was observed for Saharan dust particles due to selective absorption by various iron oxides such as hematite, limonite and magnetite (Kondratyev et al., 1974; Ackerman and Toon, 1981) . In spite of these facts, we assumed a gray refractive index because of the insensitivity of the forward scattering to the refractive index and of the uncertainty in the value of the absorption index of yellow sand particles. Essential features of the volume spectrum will be unchanged even if we include the wavelength dependence of the refractive index. From Fig. 9 , it is found that the volume spectra in the pre-and post-event stages were multimodal or nearly Junge size distributions (spectra 1-4 and 10-11). The spectrum 5 in the first yellow sand event of 4 May had a significant portion of large particles indicating that the frontal air mass transported large particles before falling out. This volume spectrum can be approximated by a power law volume spectrum of dV/dlnr*Cr. As time evolved, the spectra were modified; particles with radii around 2*m largely increased while larger particles did not so increase (spectra 6-8). This would be interpreted by the fact that the air mass on a slow atmospheric flow arrived later and large particles tended to fall out during transportation. This interpretation is supported by the spectrum 9 of 8 May, in which large particles were ob- viously eroded. Since the moving speed of the air mass for the second yellow sand event of 8 May was lower than the first event of 4-5 May as shown by the trajectories in Figs. 2 and 3 , the fraction of lost particles in the second event was larger than that in the preceding one. Another interesting feature in Fig. 9 is that small particles decreased in the yellow sand events as compared with the pre-event stage in spite of a significant increase of large particles. This tendency is consistent with the result of OPC as shown in Fig. 5 . Though relative sensitivity of the inversion for small particles decreases due to significant contribution of large particles, the following reason would be a part of the cause of the phenomenon: the volume loading of aerosols in the continental air mass is generally smaller than that in an urban area of Japan. The air mass of the observation site of urban type was replaced with the continental origin air mass during the yellow sand events. Therefore it is not always adequate to estimate the loading of yellow sand particles by subtracting the optical thickness in the normal conditions from that in the event. Such a practice will underestimate the volume loading of yellow sand particles. From Fig. 5 , it is roughly estimated that the number density of particles with radii between 0.15 and 0.25*m was about 100/cm3 in the normal conditions at Nagasaki, and was about 20/cm3 in the continental air mass, and was as low as 10/cm3 in the clean air mass associated with the frontal activity.
In Fig. 10 are shown the averaged volume spectra in the pre-and post-event periods. The long- Arao and Ishizaka (1986) .
term average tended to be the Junge size distribution, though each volume spectrum fluctuated showing multimodal shape as in Fig. 9 . In Fig. 11 we show the volume spectrum obtained by the Andersen sampler assuming the density of the yellow sand particles to be 2.6g/cm3 (solid line). The volume spectrum had a sharp peak around 2*m radius. The spectrum was somewhat different from the column volume spectra obtained by the aureolemeter, while it had a similar shape to that reported by Arao and Ishizaka (1986) (broken line). The most likely reason for this discrepancy is attributed to the large difference between the sampling times of the aureolemeter and Andersen sampler, as well as some difference in collection efficiency of the sampler among different sampling stages. We must also pay attention to the large inhomogeneity of the optical stratification of the yellow sand particles; the result of the Andersen sampler represents the feature just near the ground surface while that of the aureolemeter the total column average. The scale height defined by the ratio of the aerosol optical thickness to the extinction cross section estimated from the polar nephelometer measurement was as large as 4 km in the yellow sand events, which is somewhat larger than the main transporting altitude from map analyses. It means that the upper atmosphere was optically dense as compared with the near-ground atmosphere in the events.
Concluding remarks
Using the data obtained from several instruments, we have compared the optical characteristics of aerosols between in the normal atmospheric conditions and in yellow sand events.
In the normal conditions, an urban type air mass with a large fraction of sulfur and a small fraction of chlorine prevailed at the observation site as shown in Fig. 4 . The optical thickness of aerosols at , *=0.5*m varied from 0.2 to 0.8. The optical thickness and the Angstrom's exponent a were strongly related to the humidity showing the predominance of hygroscopic aerosols. Averaged volume spectra retrieved from the aureolemeter data had a nearly Junge-type distribution, although each spectrum showed a multimodal distribution. The time evolution of the scattering cross section and the number density of aerosols closely related to that of the surface pressure indicating that the atmospheric turbidity at the observation site was controlled by the replacement of air mass and/or the rain-out effect associated with the frontal activity and the weather change.
From Figs. 4, 5 and 7, we found that the atmosphere of the observation site was affected significantly by the yellow sand particles in the period of 4-8 May 1982. The volume spectra retrieved from the aureolemeter and Andersen sampler showed the dominance of large particles with micron-order radii both for the total column and the near-ground air during the yellow sand events. As for the mode radius, however, there was some difference between the results obtained from those two measurements. The former showed a greater abundance of larger particles than the latter. This discrepancy is partly attributed to the fact that the volume spectrum obtained from the Andersen sampler is the time average for the period from beginning to end of the mature event including both weakened and enhanced stages, and partly to the vertical inhomogeneity in particle stratification.
Associated with the yellow sand events, it was found that an air mass exchange between the continental and the maritime took place. This was indicated by changes of the air humidity, the wind direction, the particle number density and the volume spectra as shown in Figs. 1, 5 and 9. The volume spectra retrieved from aureolemeter measurements and the number density measured by OPC showed apparently that the background submicron aerosols decreased in the yellow sand events by prevalence of the continental air mass. The optical thickness of aerosols at *=0.5*m was about 0.5-1.0 while the Angstrom's exponent a was about 0.1-0.5. Since the loading of background aerosols is different between continental and urban (or maritime) air masses, a simple subtraction of the optical thickness in the normal conditions from that of yellow sand events will underestimate the column volume of yellow sand particles.
The analyses of synoptic phenomena and air mass trajectories supported the intrusion of a strong yellow sand storm on 4 May and a weak one on 8 May, which were generated in the arid region around the middle course of the Yellow River. However, we accept that the isobaric trajectory analysis employed in this paper is insufficient to discuss precisely the origin and the altitude of transportation. Since the wind speed was different among different levels in the atmosphere wherefrom the yellow sand particles falled out with different speeds depending on particle sizes, the column size distribution of the yellow sand particles might change in a complex fachion in time and space during their transportation. The size distribution of yellow sand particles and its temporal change reported in this paper will provide helpful information to elucidate such complex behavior, when it will be combined with a numerical simulation of particle transportation such as Kai et al. (1988) but taking account of the effect of gravitational sedimentation.
Although no event was recorded by Nagasaki Marine Observatory on 8 May, such potential contamination by yellow sand particles was also suggested by a large depolarization ratio in lidar signals (Kobayashi et al., 1985) . Thus, even if no event is apparently observed, it should be expected that a large amount of aerosol particles transported from the Chinese Continent occasionally prevails in the troposphere over Japan.
